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Abstract—Axial flux permanent magnet (AFPM) motors are
suitable options for solar powered vehicles due to their compact
structure and high torque density. Furthermore, certain types of
APFM machines may be configured without stator cores, which
eliminates associated losses and cogging torque and simplifies the
manufacturing and assembly. This paper examines two machine
designs for use in the solar powered vehicle of the challenger
class—a single rotor, single stator conventional AFPM machine,
and a coreless AFPM machine with multiple stator and rotor
disks. Response surface methodology (RSM) is utilized for the
systematic comparison of the conventional and coreless topologies
and to select the optimum designs among several hundreds of
candidates. Designs with minimum losses and mass producing
required torque with larger air-gap are favored. The performance
of the selected designs have been studied via 3D finite element
analysis (FEA). The FEA parametric modeling methodology is
validated by measurements on three AFPM machines of the
conventional and coreless type.
Index Terms—Axial flux permanent magnet machines, core-
less, multi-disk, solar powered electric vehicles, finite element
analysis, winding factor, response surface methodology, design of
experiments.
I. INTRODUCTION
AXIAL flux permanent magnet (AFPM) machines haveattracted attention in numerous applications due to ad-
vantages including high specific torque, pancake type profiles,
and flexible topology. In case of a double rotor structure
configured such that PMs of opposite polarity face each other,
magnetic flux from one rotor flows into the other without
traveling circumferentially through the stator core, which may
thus be eliminated, leading to the removal of associated
loss and cogging torque, although at the cost of a higher
electromagnetic air-gap.
Previously published papers have mostly focused on con-
ventional AFPM machines, which include a feromagnetic core,
e.g. [1]–[4]. Coreless AFPM machines have been studied less
frequently. Some examples include the multiobjective optimal
design of coreless AFPM machines, discussed in [5]–[7],
fractional slot winding configurations [8], and applications of
such machines in wind turbine generators, [9], [10], electric
vehicles, [11], [12], and airplanes, [13], [14].
This paper is a follow-up expansion of the conference papers
[15], [16] and brings contributions by conducting systematic
comparative studies on in-wheel AFPM motor topologies. In
case of the in-wheel (direct-wheel) drive systems, the motor
is embedded inside the wheel, which offers the potential to
eliminate some of the mechanical components, consiquently
simplifying the system. The solar cars with three wheels,
can be configured to have two front wheels and one rear
driving wheel with the motor inside. The cars with four wheels
can have two rear driving wheels. In this study, both cases
are included. The machines considered for use in solar cars
with one or two driving wheels are: a conventional single
rotor–single stator core machine, based on a commercially
available NGM SC-M150 motor [17] and a coreless multi-
disk configuration with air-gap concentrated windings. The
comparative study is based on the design of experiments
(DOE) and response surface methodology (RSM), and sev-
eral thousand candidate designs for both types of machines
are studied. During the course of the comparison, the main
dimensions of both machines are maintained the same, to
ensure that they accommodate inside the same wheel. The
DOE and RSM techniques are used to observe the relative
trend between performance parameters and select the best
designs. The designs with minimum losses and mass, while
meeting the required torque are selected. The performance
calculation uses 2D and 3D finite element analysis (FEA), and
the methodology is validated by measurements on a number
of conventional and coreless machines.
Furthermore, the paper also discusses design aspects of
coreless AFPM motors, including the effects of selection of
number of poles, and number of stator-rotor disks. A method
for calculating the winding factor for air-gap concentrated
windings is proposed. An additional objective is to determine
whether the required performance can be achieved at a higher
mechanical air-gap in order to increase mechanical robustness.
This has been taken into account in design selection.
The next section provides specifications of the reference
model and theoretical design considerations. Section III in-
cludes a detailed approach to calculate the winding factor of
the winding of coreless stator. A multi-disk coreless machine
design procedure, including selection of number of disks, poles
and coils is discussed in section IV. The response surface
methodology, design variables and performance responses are
introduced in section V. Afterwards, the selection of the best
designs and their comparison, with further analysis is included.
Section VII covers experimental validation for the numerical
design and analysis study on commercially available motors
for solar car applications and a special laboratory prototype of
a multi-disk coreless machine. In the last section, a conclusion
is provided.
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Figure 1. Gato del Sol IV solar car from University of Kentucky.
Figure 2. Exploded view of the 3D model of the NGM SC-M150 motor with
36 stator slots and 12 rotor poles.
Figure 3. The stator of the NGM SC-M150 motor installed in Gato del Sol
IV solar car together with a new prototype rotor.
II. SOLAR CAR ELECTRIC MOTOR SPECIFICATIONS
The reference motor for this study is represented by the
NGM SC-M150 unit that has been used in the Gato del Sol IV
solar car at University of Kentucky, Fig. 1. This motor, which
has a 36 slot stator core with distributed windings and a 12
pole rotor core with surface mounted PMs, has been modeled
in 3D (Fig. 2), analyzed by the electromagnetic FEA, and a
new PM rotor has been prototyped as part of the current study
in order to match with the existent stator (Fig. 3).
The power system includes a solar panel connected to a
boost converter performing the function of maximum power
point tracking which feeds the 3 phase inverter driving the
traction motor. A Li-ion battery is used to power the machine
during shading, when high bursts of power are required, and
also to absorb power during regenerative braking.
In addition to electromagnetic considerations, mechanical
challenges of a small air-gap in AFPM motors should be
taken into account. For a thinner air-gap, the smallest amount
of arching of the axle, caused by unsprung mass, becomes
problematic. Therefore, it is preferred to use the largest air-
gap possible while maintaining the performance parameters.
Table I
SPECIFICATIONS AND MAIN DIMENSIONAL PROPERTIES OF THE NGM
SC-150 (CONVENTIONAL) AFPM MOTOR.
Rated Torque 56 Nm
Rated speed 400 rpm
Air gap 1.8-5 mm
Active outer diameter 248.0 mm
Total axial length 52.5 mm
Steel mass 11.2 kg
PM mass 0.6 kg
Copper mass 2.2 kg
Total active mass 14.0 kg
Number of poles 12
Number of slots 36
Number of coils per phase 6
(a)
(b)
Figure 4. The 3D model and electomagnetic field for (a) the conventional,
and (b) the coreless machines considered in the study.
Figure 5. Schematic of a coreless stator and rotor employing a plastic
composite structure for mounting and supporting magnets and coils.
The specification of the reference motor (Table I) limits air-
gap thickness between 1.8 to 5 mm. One objective of this
study is to re-design the NGM SC-150 machine, in order to
meet the rated torque requirements with the largest possible
air-gap, as well as minimum losses and mass.
Another objective is to design a coreless machine to be
employed with two driving wheels in the same solar vehicle,
with minimum loss and mass, and the largest feasible air-gap.
The 3D model representation with flux lines and flux density
distribution of both machines under study are illustrated in Fig.
4. In case of the coreless machine, the required mechanical
support for the discs in the middle can be provided by ad-
Figure 6. Radial cut-out of a concen-
trated coil.
Figure 7. Coil pitch angle vari-
ation with diameter. The mag-
nets are included in the plot and
are transparent.
(a) (b)
Figure 8. Analytical and numerical calculation of axial component of flux
density at different axial positions for a 12 coil 16 pole single stator design.
vanced engineering composite plastic materials, as represented
in Fig. 5. These materials have good thermal properties, low
weight, and no extra losses [18] and [19].
In AFPM machines the torque is directly proportional to
the cube of the diameter, hence, employing largest feasible
diameter is recommended which is 248 mm and limited by
the dimensions of the wheel. The yokes also perform as part
of the frame of the wheel, therefore the total axial length is
constant and dictated by the wheel dimensions.
III. WINDING FACTOR CALCULATION FOR AIR–GAP
CONCENTRATED WINDING
The fundamental winding factor is an index used to compare
winding configurations. Elimination of stator core and slots
results in removing mechanical constraints of positioning
coil sides. For the coreless machine, concentrated windings
are considered due to their shorter end coils, lower copper
mass, and less manufacturing complexity as compared to the
distributed winding.
Winding factor is defined as the ratio of the induced
electromotive force (EMF) to the EMF that would have been
induced in the ideal case. The ideal situation is considered
where the induced EMF in all conductors have identical phases
and maximum magnitude. In case of a conventional AFPM
machine this is achieved for full-pitch, non-skewed winding,
with one slot per pole per phase. For a non-skewed conven-
tional machine, winding factor, kw, can be represented by the
product of pitch factor, kp, and distribution factor, kd. In case
of a coreless machine, the coils are exposed to the continuously
varying air-gap flux density. This causes the induced EMF
in adjacent conductors, even in the same coil side, to have
different phases from one another. Moreover, in the axial
direction, conductors closer to PMs will have EMF with a
higher magnitude. Such that only conductors at the closest
layer to PMs have the maximum EMF. Therefore, additional
distribution factors in circumferential and axial direction need
to be taken into account. As explained in the following, the
effect of phase shift between EMF of adjacent conductors is
captured by kdφ and the effect of varying magnitude by axial
position is captured by kdz .
So far, efforts in estimating winding factor for coreless
machines has been executed with over-simplifications. Studies
are conducted overlooking the distrbution factor in the axial
direction or neglecting the gap between phase bands [14], [20],
[21]. The calculations dedicated to linear coreless machines
[22], [23] does not consider the variation of coil pitch to
pole pitch ratio with respect to diameter which is the case
for rotational AFPM coreless machines.
For a fractional-slot concentrated winding, in a machine
with a slot pole combination such as 12-slot 8-pole or 24-
slot 16-pole, the distribution factor is unity. However, in
case of airg-gap concentrated windings employed in coreless
machines, the distribution factor within the same coil band, in
the axial and circumferential directions, should be considered.
The winding factor, kwn, can be calculated as
kwn = kp · kdφ · kdz , (1)
where n is the harmonic order, and kdφ and kdz are distribution
factors in circumferential and axial direction, respectively.
Pitch factor: Considering a concentrated coil, with cylindri-
cal cut at an arbitrary diameter represented in Fig. 6 and 7, the
ration of the phasor sum to arithmetic sum of nth harmonic
of the induced EMF in two coil sides can be estimated as
kp =
∣∣∣∣∣E − Ee
−j nπτcτp
E + E
∣∣∣∣∣ = sin
(
nπτc
2τp
)
; τc =
πD
Nc
−Wc ,
(2)
where τc and τp are coil and pole pitch, D is the diameter, Nc
number of coils per stator disk, and Wc is the coil width.
It is important to note that the ratio of coil pitch to pole
pitch angle , θcθp , varies with diameter, as shown in Fig. 7,
resulting in varying τcτp . Therefore, for an accurate estimation
of pitch factor, integration of (2) from inner to outer diameter
is performed. It can be shown that the maximum fundamental
pitch factor is attained at wcτp =
p
Nc
− 1.
Distribution factor in the circumferential direction: For
coreless machines with air-gap concentrated windings, distri-
bution factor within the same coil band, in the circumferential
direction, can be calculated as
kdφ =
sin
(
πWc
2τp
)
Nφ sin
(
πdw
2τp
) , (3)
where dw is the diameter of each conductor and Nφ is the
number of turns in coil band in circumferential direction and
(a) (b)
Figure 9. (a) Pitch factor, and (b) distribution factor in circumferential direction with respect to coil width to pole pitch ratio; and (c) distribution factor with
respect to coil height to pole pitch ratio, plotted at different harmonics for a 16 pole 12 coil topology with concentrated coreless winding.
Figure 10. Fundamental winding factor for the 12 coil 16 pole topology.
can be estimated as Nφ = Wcdw . In coreless winding the use of
Litz wire with thin conductors is common, which results in
dw ≈ 0 → kdφ =
2τp
πWc
sin
(
πWc
2τp
)
. (4)
Variation of τp with diameter should be taken into account
through an integral form of (4). Larger kdφ is expected to be
obtained with smaller coil width.
Distribution factor in axial direction: The axial component
of flux density in a coreless machines is a function of angular
position, φ, and axial position, z, such that a higher flux den-
sity is seen by conductors closer to PMs. This effect is more
significant in case of a thicker coil and larger electromagnetic
air-gap. The z component of flux density can be obtained by
Bz(φ, z) =
∞∑
n=1
Bn cosh
(
nπ
τp
z
)
cos
(
nφ
p
2
)
. (5)
Detailed calculations of Bn can be found in [22], [24].
Figure 8 represents that this analytical estimation of Bz for
an example design is in agreement with the numerical results
obtained from FEA.
Based on (5) the winding factor in axial direction can be
calculated from
kdz =
2
∑Nz/2
i=1 cosh(
nπdw
2τp
(2i− 1))
Nz cosh(
nπLC
2τp
)
=
tanh(nπLC2τp )
Nz sinh(
nπdw
2τp
)
.
(6)
Considering that Litz wires are employed yields,
dw ≈ 0→ kdz =
2τp
nπLc
tanh(
nπLC
2τp
) . (7)
Again, due to diameter dependent τp, integration of (7)
should be considered.
The variation of winding factor components with respect
to Wcτp and
Lc
τp
at different harmonics, for a 16 pole 12 coil
topology, is plotted in Fig. 9. The fundamental winding factor
variation, illustrated in in Fig. 10, shows that largest winding
factor is obtained when the coils are axially as thin as possible
and the coil width is closer to ( pNc − 1) · τp.
IV. SPECIFICATIONS AND DESIGN CONSIDERATIONS OF
THE CORELESS AFPM MOTOR
The coreless machine is considered to be employed for a
two-driving wheel application, therefore, each of the motors
should produce half the required torque within the same outer
dimensions (diameter and axial length) as the conventional
machine.
A. Selecting the Number of Disks
The larger electromagnetic air-gap, caused by the elimina-
tion of stator core, reduces flux linkage and torque. This may
be compensated for by the use of multiple disks. The use of
multiple coreless stator disks also reduces the coil thickness,
improving the winding factor by increasing the distribution
factor in axial direction as shown in (7).
In order to evaluate the appropriate number of stator disks—
and accordingly the number of rotor disks— three models with
one, two, and three stators are studied for an example coreless
AFPM with 12 coils per stator disk and 16 poles. In the course
of the comparison, the copper losses, air-gap, active volume,
PM mass, and steel mass are kept constant.
The higher flux leakage and smaller winding factor for
lower number of disks reduces torque density (Fig. 11 and
Table II). The designs with multiple stator disks demonstrate
significant performance improvement with higher winding
factor. For those reasons, the design with three stators is
selected, although it may be noted that a higher number of
disks may lead to difficulties in the manufacturing process.
(a) (b) (c)
Figure 11. Magnetic flux lines for multi-disk AFPM machines with different
number of disks.
B. Selecting the Combination of Poles and Coils
A wide array of number of stator coil and rotor pole
combinations is possible for this machine, and the comparative
performance of some representative ones is studied. The
electromagnetic air-gap is maintained the same for all designs
by keeping the axial thickness of the coils, Lc, constant during
the comparison. The total PM and steel mass are also kept
the same. The thickness of the rotor core is dictated by
mechanical strength constraints, considering that back plates
are also functioning as part of the frame.
A larger number of poles necessitates increasing number of
coils to maintain a reasonable fundamental winding factor. For
a diameter constrained application, the use of a large number
of coils results in reduced coil width and end turn volume such
that the total copper mass reduces. This can be quantified by
estimating the mean turn length, lmt,
lmt = (Do −Di) +
π(Do +Di)
Nc
, and Wc =
πDi
2Nc
, (8)
where Do and Di are the outer and inner active diameter.
Coil width, Wc, is constrained by inner diameter and is set
on maximum possible value to reduce current density and
improve DC copper loss. The total copper volume for 3 stator
disks is calculable by
Vc = 3NcWcLcLmt =
3πDi
2
Lc
[
(Do −Di) +
π(Do +Di)
Nc
]
(9)
where Vc is the copper volume. Thus, in the case of a constant
fill factor, as Nc increases, Vc and consequently mass decrease.
Core losses in air-cored machines are small considering
that steel is only used in the rotor. These losses can be
further reduced and made negligible by approaches such as
multi-layer windings that significantly decrease harmonics that
only cause losses [25]. For those reasons, core losses are not
accounted for in this comparison.
Litz wire is used to prevent skin effects at higher frequency,
which can be quite substantial for this machine. Using such
special conductor wires reduces the fill factor, and a 20%
reduction is considered in the study. Assuming 120◦C maxi-
mum winding temperature, increased copper resistance due to
temperature rise is taken into account.
The electromagnetic torque of a non-salient AFPM machine
can be estimated as
T =
3
2
p
2
λmI ; λm =
2
π
kw1NtkvgαiBgoτpLFe , (10)
Table II
TORQUE DENSITY AND FUNDAMENTAL WINDING FACTOR FOR 16 POLE 12
COIL TOPOLOGY WITH DIFFERENT NUMBER OF STATOR DISKS.
Number of stator disks 1 2 3
Torque density [Nm/kg] 2.5 2.9 3.0
Winding factor 0.680 0.826 0.860
Table III
ALL THE DESIGNED MACHINES PRODUCE 28 NM AT 400 RPM.
Poles 8 10 16 20 30 32
Coils 6 6 12 12 18 24
kw1 0.877 0.833 0.860 0.810 0.776 0.805
Cu mass [kg] 3.9 3.9 2.7 2.7 2.2 2.0
Cu loss [W] 288 305 221 239 245 236
Elec. eff. [%] 86 85 89 88 88 88
where p is pole number; λm, magnetizing flux linkage pro-
duced by PMs; Nt, number of turns per phase, which is
constant for all the designs in Table III; kvg , the ratio of the
amplitude of the fundamental wave to the average value of
the air-gap flux density; αi, pole arc to pole pitch ratio; Bgo,
the peak value of the open-circuit flux density; τp, pole pitch;
and LFe, the core length. As the number of poles and coils
increases, λm decreases, mainly due to reduced flux collecting
area proportional to the pole arc, and partly because of higher
leakage. Magnetizing flux linkage reduction due to lower τp
is negated by higher number of poles while λm reduction due
to increased leakage is compensated for by increasing current
to produce constant torque.
The copper losses, Pcu, can be calculated from
Rph =
LmtNt
σWcLcSff/Nt
, Pcu = 3RphI
2
rms =
VcJ
2Ff
σ
,
(11)
where Rph is the resistance of one phase winding; σ, is the
copper conductivity; and Ff is the fill factor. Decrease in
copper mass, due to reduction in the length of mean turn, and
increase in J, to produce 28 Nm, results in minimum copper
loss for 16 and 20 pole designs. The topology with 16 poles
has higher winding factor. Other benefits of this topology are
avoiding manufacturing complexities associated with higher
number of poles, and relatively low copper mass. Therefore 16
pole and 12 coil topology is selected to be a good compromise.
It is to be noted that for designs with space limitations, a higher
number of poles will result in reduced total diameter due to
decreased thickness of end coils.
V. DESIGN OF EXPERIMENTS AND RESPONSE SURFACE
METHODOLOGY
Response surface methodology (RSM) is essentially a par-
ticular set of mathematical and statistical methods used to
aid in finding a particular solution for a system in which
several input variables influence the performance. The input
variables (factors) need to be independent of each other.
The performance of the system can be measured by output
parameters (responses) as a function of factors. The observed
(a) (b)
Figure 12. Dimensional variables selected as factors for DOE of (a)
conventional, (b) coreless machine. The factors defined as ratios, i.e. tooth
width to slot pitch ratio and pole arc to pole pitch ratio, are not included.
Table IV
GEOMETRICAL INPUT VARIABLES FOR THE PARAMETRIC MODEL OF THE
CONVENTIONAL (CORED) MACHINE.
Factor Unit Minimum value Maximum value
x1 = g mm 1.8 5.0
x2 = hpm mm 3.0 10.0
x3 = ktw 0.35 0.65
x4 = α 0.65 0.85
x5 = hsy mm 9 18
x6 = hry mm 5 11
Table V
GEOMETRICAL INPUT VARIABLES FOR THE PARAMETRIC MODEL OF THE
CORELESS MACHINE.
Factor Unit Minimum value Maximum value
x1 = g mm 0.5 2.0
x2 = hpm,s mm 1.0 3.5
x3 = α 0.65 0.85
x4 = hry mm 4.0 8.0
trends can be employed to select an optimum design. A second
order regression model (response surface), relating the factors
to the output parameters is expressed as a polynomial function,
Y = β0 +
dν∑
i=1
βiXCi +
dν∑
i=1
βiiX
2
Ci +
dν∑
i=1
dν∑
j=i+1
βijXCiXCj ,
(12)
where Y is a response; β regression coefficient; dν number of
factors, and XCi is normalized value of the ith factor.
The objectives to be met in case of both conventional and
coreless topologies are to achieve least mass, and losses while
producing the required torque at the rated speed. It is assumed
that cost is not a constraint.
Six independent factors, that considerably influence the
performance of the conventional motor, are selected (Fig.
12a and Table IV), including: the mechanical air-gap, g, PM
length, hpm, tooth width to slot pitch ratio, ktw, pole arc
to pole pitch ratio, α, stator yoke length, hsy , and rotor
yoke length, hry . The outer and inner diameter, and total
axial length are maintained the same as in the reference
motor, limited by the wheel dimensions. In order to capture
(a) (b)
Figure 13. The responses of the conventional machine obtained from central
composite DOE. (a) Three-dimensional plot and (b) the contour illustrating
the responses relative performance.
(a) (b)
Figure 14. The responses of the multi-disk coreless machine obtained from
full factorial DOE. (a) Three-dimensional plot and (b) the contour illustrating
the responses relative performance.
the non-linearities associated with the response surface, 3
levels for each factor are considered. A full factorial design
for 6 factors with 3 levels requires 729 runs which is not
feasible. Instead, fractional factorial, Box-Behnken, or Central
Composite designs may be used. Box-Behnken design requires
less runs however it contains regions with poor prediction
quality. Central Composite design provides relatively high
quality predictions over the entire design space. For this case,
face central composite design, with 6 factors and 3 levels, that
needs only 100 runs, has been used. The FEA evaluations of
these designs have been used to establish a regression model
and then study above 4,000 designs.
In case of the coreless machine having no stator core or
teeth, the number of factors is reduced to four, including the
mechanical air-gap, g, the PM length on the rotor disks on two
sides, hpm,s, the pole arc to pole pitch ratio, α, and the stator
yoke length, hsy , as described in Table V and Fig. 12b. The
PM length in the middle rotor disks hpm,m, is set to be twice
that in the ends, which results in higher torque. Due to the
lower number of factors, full factorial DOE with the number
of levels increased to 4 is employed. This requires 256 designs
to be evaluated by FEA which is affordable. A full factorial
design provides higher quality regression model.
VI. SELECTION OF BEST DESIGNS
The result of DOE is used to fit a second order regression
model for the responses including torque, mass, and losses
(core and copper). In both cases, conventional and coreless
machine, the overall volume is constant across all designs.
Larger mass is a result of less space occupied by air, i.e.
lower air-gap thickness, thicker magnets, more lamination,
Table VI
REFERENCE MODEL AND SELECTED DESIGNS FOR THE CONVENTIONAL MOTOR, AT 400 RPM, FOR APPLICATION WITH ONE DRIVING WHEEL.
Reference Design 1 Design 2 Design 3
3D FEA Regression 2D FEA Regression 2D FEA Regression 2D FEA 3D FEA
Air-gap [mm] 1.80 —– 2.76 —– 2.76 —– 2.76 2.76
Torque [Nm] 54.3 57.2 63.5 57.6 59.9 58.8 60.9 58.2
Active mass [kg] 12.2 14.1 13.7 14.1 13.4 14.01 13.2 11.5
Core loss [W] 14 —– 19 —– 17 —– 20 18
Copper loss [W] 398 —– 325 —– 319 —– 302 351
Total losses [W] 411 423 343 452 336 450 322 369
Cogging torque [Nm] 13.8 —– 21.8 —– 11.9 —– 5.5 6.9
Goodness [Nm/
√
W ] 2.7 —– 3.5 —– 3.3 —– 3.4 3.0
Table VII
FEA RESULTS OF THE SELECTED DESIGNS FOR THE CORELESS MOTOR
FOR APPLICATION WITH TWO DRIVING WHEELS, AT THE RATED SPEED OF
400 RPM. ALL DESIGNS HAVE MECHANICAL AIR-GAP OF 1.85 MM.
2D FEA 3D FEA
D1 D2 D3 D1
Torque [Nm] 28.7 29.5 28.3 27.3
Active mass [kg] 9.4 8.8 9.0 10.5
Copper losses [W] 168 215 332 168
Goodness [Nm/
√
W ] 2.2 2.0 1.6 2.1
(a)
Figure 15. Projection of the DOE results and selected designs for the
conventional motor. Designs marked with F are selected in order to have
approximately the same torque as the reference machine and minimum losses.
(a)
Figure 16. Projection of the DOE results and selected designs for the coreless
motor. Designs marked with F are selected in order to have half the torque
of the reference machine and minimum losses and mass.
and/or more copper. All of these increase losses as well as
the produced electromagnetic torque (Figs. 13 and 14).
The regression model results compared to FEA for selected
designs (Table VI) show at most 6% error for mass estimation
by regression model, 10% error for torque estimation, and 39%
error for loss estimation. The errors may have been caused by
the reduced number of designs and levels and also considering
that core loss is more nonlinear, hence requires more levels.
These errors can be addressed by using a correction factor
in the regression model's estimations. Nevertheless, the main
function of RSM, that is to identify the trends, is achieved.
Based on the regression models, hundreds of designs are
studied. For each of two motors, three designs are selected to
be analyzed in more detail via 2D FEA. The objectives are to
produce the rated torque with the lowest mass and losses. The
selected designs are marked in the scatter plots (Fig. 15). In
case of the conventional machine, for the desired torque the
active mass ranges between 13.6 kg and 14.2 kg while losses
range between 400 W and 700 W. Designs with lower loss are
assigned higher priority than those with lower mass.
The goodness of three selected designs, defined as Torque√
losses
,
are comparable. Design 3, being lighter with least losses,
is selected to represent the conventional machine. Three-
dimensional FEA is used for a more reliable performance
estimation (Fig. 4a). For this design, the AC losses, including
eddy current and proximity, are analytically estimated [26] to
be 0.57 W at 400 rpm. Therefore, for this machine at rated
speed, the AC losses are insignificant compared to the total
losses and neglected.
Design 3, with an air-gap of 2.76 mm, achieves better
performance than the reference design, which has a smaller
air-gap of 1.85 mm (Table VI). Therefore, the required torque
can be met with a larger air-gap and without compromising
the performance.
The process is repeated for the coreless machine and three
designs meeting the torque requirements have been selected
(Fig. 16). The designs with lowest mass and loss are selected.
Due to the high quality of the full factorial DOE, and
also robustness of coreless machines, the regression model's
prediction of performance almost exactly matches that of 2D
FEA. To avoid redundancy, only FEA results are presented
in Table VII. The coreless motors have no cogging torque
and their rotor core losses compared to copper losses are
negligible. Comparing the goodness of the three selected
designs, it is seen that Design 1 is superior to the others, and
is thus selected. For this design it was analytically estimated
[26] that using Litz wire with 40 strands per turn the winding
AC losses are about 2.2 W and neglected.
(a) (b) (c)
Figure 17. (a) The reference design, (b) the selected design 3 of conventional machine, (c) the selected design 1 of coreless machine. Taking advantage of
the symmetrical geometry, only 1
6
th of the conventional machine and 1
4
th of the cored machine have been analyzed.
Figure 18. Conventional AFPM machine designs with changing air-gap.
The selected design 3 in Table VI is marked with .
Figure 19. Coreless AFPM machine designs with changing air-gap. The
selected design 1 in Table VII is marked with .
An illustration of the contrast between dimensional proper-
ties of the reference model and the best designs of conventional
and coreless motors is provided in Fig. 17. The 3D model of
the selected best machines, i.e. design 3 of Table VI and design
1 of Table VII, are in fact the designs presented in Fig. 4.
VII. DISCUSSION AND EXPERIMENTAL VALIDATION
On comparing the selected design of the conventional
AFPM with the best design of the coreless machine, the
combined weight of the two motors for the latter is higher, i.e.
10.5 × 2 = 21 kg compared to 11.5 kg, for the conventional
machine. However, in a two-wheel application, the mass is
distributed between two wheels which reduces the pressure
and also provides a better balance.
At the rated speed, the goodness of the conventional motor
is higher than that of the coreless motor, presented in Tables VI
and VII. Nevertheless, at higher speeds, core losses increase
in the conventional machine. In the coreless machine, the
only steel employed is in the rotor back iron. The losses in
magnets and steel, caused by harmonics in the stator MMF,
are negligible because of the absence of slots. Thus, the rotor
losses are insignificant. At higher speeds the rotor loss may be
reduced by special winding techniques [25], not applicable for
conventional configurations with slotted stator. As explained
in the previous section, in the coreless machine, the conductor
AC loss are mitigated by the use of Litz wire and transposition.
At higher speeds, for the conventional design, considerable
core losses increase is observed. Thus, the coreless machine
may in fact outperform the conventional machine.
One of the objectives of the study is to achieve designs with
larger air-gap in order to mitigate the mechanical problems
associated with unsprung mass and arched axle. In the con-
ventional AFPM, the required torque can be met with a larger
air-gap than used in the commercially available machine.
The impact of the air-gap on torque and losses for both
configurations, illustrated in Fig. 18 and 19, shows for the
desired torque production of the conventional machine, a larger
air-gap results in considerable increase in the losses. Therefore,
the selected design has a smaller air-gap in order to maintain
an acceptable efficiency.
For the coreless machine design study, increasing the current
beyond a threshold does not result in proportionally increased
torque. This could be explained starting from the fact that the
current density was fixed at 6.5 A/mm2. It should be noted
that, in principle, the study can be further expanded to consider
specific cooling systems and particular thermal aspects, as
discussed for example in [27]. In solar car applications, the
motors are generally high efficiency for their volume such that
the heat generated per volume is low and the thermal issues
of a coreless machine design can be controlled.
In the current study, in order to increase the current, more
copper wire is required to be used within the same geometrical
envelope, which can be achieved, for example, by reducing the
PM thickness, i.e. length in the direction of magnetization,
which in turn results in decreased air-gap flux such that the
electromagnetic torque does not increase although the current
is higher. The selected design produces the required torque
while attaining a relatively large air-gap and low losses (see
Fig. 19).
The coreless machine is generally lighter than the conven-
tional one. This makes coreless machine suitable for vehicles
with two driving wheels, as the total active mass in this case
doubles, and conventional machines suitable for single in-
Figure 20. Special concentrated-winding multi-disk laboratory prototype
employed for validating the 3D FEA parametric design study. The detailed
fine finite element mesh and current density vectors in the coils calculated
from 3D FEA are represented on the left.
Figure 21. The 3D model of the commercially available distributed winding
coreless AFPM machine produced by MARAND for in-wheel drive solar cars.
wheel application, for the same reason. The coreless machine
may also be selected for the single in-wheel application,
however, the mechanical air-gap needs to be very small, below
1 mm, which is mechanically challenging, difficult to achieve
and maintain. Utilizing conventional machines in double wheel
vehicle results in much larger accumulated mass of rotors, on
the other hand, considerably larger air-gaps could be used.
The design study based on electromagnetic 3D FEA
has been validated with experimental data from a special
concentrated-winding multi-disc laboratory prototype, which
is shown in Fig. 20, and from two commercially available con-
ventional and coreless AFPM machines, NGM and Marand,
respectively, for solar powered vehicles. Marand topology has
distributed air-cored winding and is represented in Fig. 21.
NGM is the reference design and discussed in more detail
in preceding sections. The main data for these machines is
summarized in Table VIII and further details are available in
[17], [19], [28], [29].
The experimental measurements and FEA results correlate
favorably for the reference machines as illustrated in Fig.
22. The Marand machine is larger in active diameter and
shorter in axial length. Considering that for axial flux machines
the power is proportional to the cube of diameter, it is
expected that Marand outperforms the NGM and all the other
coreless machines designed for the dimensional limits similar
to NGM. Also, Marand is benefited from distributed winding
that improves its torque production capability.
It is observed that the coreless machine is distinctly lighter
than the conventional design, and has lower loss, making it a
better alternative for the double wheel configuration. The back
iron portions of the rotors are also part of the wheel frame,
Table VIII
MAIN SPECIFICATIONS OF THE REFERENCE MACHINES CONSIDERED FOR
THE EXPERIMENTAL VALIDATION OF THE 3D FEA STUDY.
Multi-disk coreless Marand NGM
Speed [rpm] 1000 1060 400
Diameter [mm] 290 312 248
Axial length [mm] 59 44.9 52.5
Rated torque [Nm] 21 16.2 56
Figure 22. Torque versus total losses of conventional and coreless designs,
compared to prototype and commercial machines employed in solar powered
vehicles. Required torque is 56 Nm for single active wheel or 28 Nm for car
designs with two active wheels, respectively.
hence the overall axial length is constant and fixed by the
wheel dimensions. The maximum diameter available has been
utilized to increase torque density. The identical wheel is used
for configurations with single and double driving wheels.
VIII. CONCLUSION
A systematic comparative study for conventional and core-
less AFPM machines for single and double driving wheel
solar cars was presented. The parametric design study was
conducted in order to select optimum designs, favoring lighter
machines with higher efficiency and larger air-gap. Thousands
of candidate designs have been analyzed for both config-
urations with the aid of a combined DOE and response
surface methodology using FEA, which was validated on a
laboratory prototype and on commercially available coreless
and conventional machines commonly employed in the same
application.
As part of the design methodology, a method for the
calculation of the winding factor for air-gap concentrated
windings was proposed. The differences in flux distribution
in circumferential and axial directions, as well as coil pitch
variations with radius were taken into account.
It is observed that for the space constraints under study
and for a given cooling system, the torque generation by both
machine types is limited, and this torque limit for conventional
machine is at a higher value. This is due primarily to the higher
air gap in coreless machines.
Coreless machines may therefore be more suitable for use
in a two-wheel drive version, at the cost of slightly reduced
efficiency, and larger overall mass as compared with single
wheel drives. These limitations are offset by the better mass
distribution achieved in two wheel drives, for which the
conventional machine may not be suitable owing to large
accumulated unsprung mass. Another advantage of a coreless
AFPM construction is the limited investment required for
stator tooling which is important when producing motors for
the low volume solar car market.
Conventional AFPM topology could be used more effi-
ciently with one driving wheel. The coreless machine may
also be selected for single in-wheel configurations, although
machine designs with very small air-gap are necessary to meet
the torque requirement. Considering that the latest generation
solar cars employ two-wheel drives, based on this study, it
is recommended to consider the opportunities provided by
coreless machine for such configurations.
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